The aim of this study was to determine the static and kinetic friction forces of the contact bracket-archwire with different dental material compositions in order to select those materials with lower resistance to sliding. We carried out sliding friction tests by means of a universal testing machine following an experimental procedure as described in ASTM D1894 standard. We determined the static and kinetic friction forces under dry and lubricating conditions using an artificial saliva solution at 36.5ºC. The bracket-archwire pairs studied were: stainless steel-stainless steel; stainless steel-glass fiber composite; stainless steel-Nitinol 60; sapphire-stainless steel; sapphire-glass fiber composite; and sapphire-Nitinol 60. The best performance is obtained for Nitinol 60 archwire sliding against a stainless steel bracket, both under dry and lubricated conditions. These results are in agreement with the low surface roughness of Nitinol 60 with respect to the glass fiber composite archwire. The results described here contribute to establishing selection criteria for materials for dental archwire-brackets.
INTRODUCTION
The operation of binding a bracket to a guiding archwire generates friction at the archwire-bracket interface 1) . During orthodontic treatment, the contact with the bracket also leads to surface damage and wear of the archwire material 2) . Static frictional force (the force needed to start the relative sliding of two surfaces) inhibits the movement of the tooth. When the elastically deformed wire uprights the tooth, friction is reduced and movement starts. Kinetic frictional force appears as the tooth moves in the direction of the applied force.
The use of materials with low friction coefficients reduces anchorage strain. In fact, it has been estimated that friction between bracket and archwire can cause up to a 50% loss of force 2) . Over the past years, a great number of new orthodontic materials and manufacturing techniques have been developed and used as alternatives to the classical stainless steel wires and brackets. However, friction forces must be determined for each new combination in order to predict their performance when they are used in clinical applications. This need has led to research interest in this field; as the substitution of classical materials such as stainless steel by the new aesthetic ceramic brackets, requires new research efforts in to assess the possible advantages and disadvantages of each type of wire-bracket contact.
In order to compare the friction performance of different materials for the bracket/archwire contact, it is necessary to consider a number of variables. Firstly, it is important to take into account the different friction values obtained as a function of the medium, i.e. dry or lubricated conditions, in the presence of artificial saliva. The surface finish of the materials and roughness values are a critical variable in determining friction values; it is expected that the smoothest surface will give the lowest friction.
Yu et al. 3, 4) found that stainless steel wire exhibited the smoothest surface topography, when compared with the titanium alloys.
Choi et al. 5) found significantly lower surface roughness values and higher friction values for ceramic brackets sliding against archwire, while the glass or filler-reinforced polymer presented higher static friction values, as compared with the conventional stainless steel control bracket.
The recent work by Murayama et al. 6) recommended using a wire with the smallest possible roughness for displacements longer than 1.0 mm. They also found that the friction force of a martensite Ni-Ti wire was significantly greater than that of other aesthetic and austenitic wires.
Chang et al. 7) have reported an increase of friction force in the presence of saliva. Studying friction between wire and bracket in artificial saliva, Fidalgo et al. 8) found that the combination between ceramic brackets and stainless steel wire showed a high friction coefficient when compared with the combination of stainless steel wire against polymer (polycarbonate) bracket.
In the present work, we have determined surface roughness, static and kinetic friction forces both under dry sliding conditions and in the presence of artificial saliva at body temperature. Six bracket-archwire combinations have been studied, by using stainless steel (SS) or sapphire (SP) brackets against stainless steel (SS), glass fiber composite (GF) or Nitinol 60 (Niti) wires.
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MATERIALS AND METHODS

Brackets, archwires and ligature
Two different edgewise brackets were tested, one made of ferritic stainless steel (SS) from World Class Technology and the other was made of sapphire (SP) from BioMers. Three archwires were used in the tests: Nitinol (Niti) from TP Orthodontics; translucent archwire (GF) from BioMers; and austenitic stainless steel (SS) archwire from TP orthodontics. The elastomeric ligature used in all cases was from TP orthodontics. The archwires, brackets and elastomeric ligature used in this study correspond to commercial products frequently used in dental practice. Details of all materials are referred to in Table 1 .
Roughness of the surfaces of all materials was measured using a non-contact 3D profiler from Taylor Hobson. The measurements of the surface roughness (Table 2 ) are shown using the mean roughness depth (Rz), the root mean square roughness (Rq) and average roughness (Ra) that is the arithmetic mean value of the roughness profile ordinates, which is one of the most effective surface roughness measures commonly adopted in general engineering practice.
The samples were observed using a Hitachi S-3500N scanning electronic microscope (SEM); in the case of the sapphire (SP) bracket and translucent archwire (GF) the samples were coated with gold.
A universal testing machine from Hounsfield equipped with a load cell of 50 N (with an accuracy of 0.002 N) was used to obtain the friction force data in all the tests. Figure 1 shows the testing machine with bracket-archwire assembly.
The friction results obtained correspond to the mean values after five repetitions of each case tested. Data relating to the static forces were obtained from the first maximum peak in the initial stage of the tests. Thereafter, the data correspond to kinetic forces, corresponding to mean values of the stationary stage of the graphs.
The test conditions in both dry and lubricated configuration employed a velocity of 5 mm/min with a load weight attached of 1.50 N and a distance travelled by the archwire of 10 mm. The tests were conducted at room temperature under a relative humidity of 50% for the dry and the wet tests, using an artificial saliva solution from Kin Hidrat Gel which was at 36.5ºC. The tests were carried out under a relative humidity of 50% at room temperature. Table 2 shows the arithmetic mean, standard deviation and variance of the friction tests for every archwire-bracket pair tested under dry or lubricated conditions. (Fig. 2) or SS (Fig. 3 ) brackets against Niti, SS or GF archwires; under two conditions: dry and lubricated at 36.5ºC. The data show the static and kinetic friction forces, as a result of the analysis of the friction force obtained as described in the experimental section. If we focus on the static friction data as being the main factor for the resistance to start the movement, the high values obtained when the SS archwire was tested should be highlighted. In both cases, dry or lubricated, and using brackets of SP or SS, the values are the highest in this study, with 6.87 and 5.58 N, respectively.
RESULTS
Figures 2 and 3 show the friction-distance plots for the different configurations: SP
The best results and the lowest values of static friction are found with the use of Niti archwire in all test configurations. The pair Niti-SS is particularly noteworthy, giving a value of static friction of 2.37 N in dry condition.
In Fig. 4 we have plotted a 3D graph of the roughness values for the archwires and brackets against the static friction force. It can be seen that the lubricated tests present the best results. 
DISCUSSION
In the case of the brackets, the observation using SEM (Figs. 5a and 5b ) reveals the size and shape of the slots which the rounded archwires slide through. This type of bracket is denominated edgewise and provides a better control over the tooth movements due to the curved and inclinable design to adapt to the tooth shape. Furthermore, the good surface finish of both brackets is clearly noticeable. The SEM images of the archwires are shown in Figs. 5c, 5d and 6, where the differences in the quality of the surface are appreciable. In the case of GF archwire, the surface presents higher roughness and cracks (Figs. 6a and 6b ) due to the presence of glass fibers at the surface, as can be confirmed by the Si elemental mapping (Figs. 6c and 6d) . The roughness data confirm the SEM observation that the glass fibers at the surface provide a rough finish compared with the SS and Niti archwires.
In general, when friction data display negligible oscillation, the stick-slip phenomenon is absent, which would result in improved user comfort. In Figs. 2 and  3 , it can be seen that friction oscillations are small, particularly for the SS-SS contact (Fig. 3b) .
If we focus initially on the nature of the brackets, it can be seen that for the SP bracket friction forces with the different archwires are similar under dry and lubricated configurations. Especially in the case of the SP-GF contact, the differences between dry and lubricated are minimal. This observation could be attributed to the failure of the saliva to effectively separate surfaces, generating an elastohydrodynamic lubrication regime. Probably, this low lubrication performance is related to the high roughness value found in the GF surface. With reference to the tests using the SS bracket, for both Niti and SS archwires, the lubricated configurations gave the highest values of friction forces. In these cases, the lubrication of the surface is not effective and there is in fact boundary contact between the materials. Of all twelve configurations tested the SS-SS pair shows the highest friction forces, both dry and lubricated.
The asperities of the surface of the steel make contact with the counterface regardless of the dry or lubricated regime or the nature of the brackets. The use of artificial saliva acts like an adhesive 9) and does not succeed in separating the surfaces.
This could be attributable to the shape memory properties and high thermal conductivity of this alloy, which would reduce the adherence to the SS surface of the bracket and would be more effective in dissipating the friction energy.
The SS-SS contact shows higher lubricated friction than dry friction, showing that lubrication is not only ineffective, but that the saliva fluid could cause corrosive interaction.
The best results are obtained for low roughness archwires, regardless of bracket roughness. The highest static friction values under dry contact are obtained for high roughness materials, either bracket or wire.
The high surface roughness and the defects present in the GF wire make lubrication ineffective against the sapphire bracket, showing the same friction value as under dry conditions. This could be explained by the difficulty in sliding the ceramic (GF)-ceramic (SP) surface asperities against each other due to the brittle nature of both materials.
CONCLUSION
Dry friction force values are higher than lubricated ones, except in the case of metal-metal contacts, where the corrosive interactions between artificial saliva and metal surfaces increase friction values.
The higher surface roughness of the glass-fiber reinforced composite wire could be responsible for the high static and kinetic friction forces, both under dry and lubricated conditions, particularly against the sapphire bracket, due to the higher roughness of sapphire with respect to stainless steel and to the existence of ceramic-ceramic sliding contacts of glass fiber against sapphire.
Although stainless steel against itself is the lowest surface roughness pair, the adhesive forces at the interface increase friction with respect to Nitinolstainless steel, which presents the lowest static and kinetic friction force values, both under dry and lubricated conditions. This result could be attributed to the low surface roughness and high corrosion resistance of the Nitinol wire.
